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G eographic atrophy (GA), the advanced form of dry agerelated macular degeneration (d-AMD), represents an important unmet need with more than 5 million people worldwide affected. 1 In contrast to neovascular AMD, the other form of late AMD, characterized by sudden and rapid central vision loss due to new abnormal blood vessels, GA is a slow disease leading to irreversible blindness over years. 2, 3 The morphologic changes in GA area represented by degeneration of photoreceptor cells, retinal pigment epithelium (RPE), and choriocapillaris (CC) initially appear in the extrafoveal region and then include the fovea, 2,3 with limitations in key aspects of daily life. 4 Previous studies have reported an atrophic lesion growth rate between 1.3 and 2.8 mm 2 per year. 2, 5, 6 To follow up the GA enlargement over time, it is critical to measure the size of the atrophy and to identify methods providing reliable measurements. GA is usually assessed by color fundus photography (CFP) 7 and fundus autofluorescence (FAF), currently considered the gold standard for evaluating progressive atrophy enlargement. 8, 9 However, GA can be reproducibly identified and quantified by means of various other modalities available in daily clinical practice. Ben Moussa et al. 10 demonstrated that multicolor imaging is an excellent tool for measuring GA area and for detecting foveal sparing, although structural optical coherence tomography (OCT) showed the highest intergrader agreement on foveal sparing detection when compared to several different procedures. 11, 12 OCT imaging offers also the advantage of providing an en face image of GA as complement of B-scan cross-sectional images. Pilotto et al. 13 revealed that in patients with GA the abrupt transition in OCT reflectivity caused by photoreceptor loss results in the visualization of GA on outer retina (OR) en face OCT images, whereas the increased OCT choroidal signal associated with GA allows visualization of atrophic areas on choroidal (CH) en face OCT images.
More recently, the development of OCT angiography (OCT-A) has allowed detection of GA as loss of CC flow under the atrophic patches with improved visualization of CH vessels. 14 In fact, this technique maps the movement of red blood cells relative to the static surrounding tissue, thus creating an image of vascular flow. However, to the best of our knowledge, no published studies have evaluated the ability of OCT-A to quantify GA size.
In this study we assessed intraobserver and interobserver agreement in detection and quantification of GA secondary to d-AMD using OCT-A. Moreover, we compared OCT-A, FAF, and en face OCT imaging modalities in order to identify the most reproducible method for monitoring GA progression and for evaluating potential therapeutic responses in clinical trials.
METHODS
We prospectively enrolled consecutive patients with diagnosis of GA secondary to d-AMD who presented at the Medical Retina & Imaging Unit of the Department of Ophthalmology, University Vita-Salute, San Raffaele Hospital in Milan, between August 2016 and February 2017. This study adhered to the tenets of the Declaration of Helsinki. All patients signed a written informed consent to participate in observational studies, approved by the ethics committee of San Raffaele Hospital.
The criteria for inclusion were (1) age greater than 55 years, (2) diagnosis of d-AMD with GA (GA was defined as any sharply demarcated monofocal or multifocal area of apparent absence of the RPE measuring at least 175 lm in greatest linear diameter within the macula, with visible CH vessels and no neovascularization). The exclusion criteria were (1) signs of choroidal neovascularization (CNV), including intraretinal or subretinal fluid, hemorrhage, subretinal fibrosis; (2) presence of any other retinal disorders potentially confounding the clinical assessment (e.g., diabetic retinopathy, retinal vein occlusion, retinal artery occlusion); (3) myopia greater than 6 diopters; (4) any previous treatments (e.g., laser photocoagulation, photodynamic therapy, intravitreal injections of anti-vascular endothelial growth factors or steroids); (5) presence of significant media opacities (e.g., cataract or corneal opacity) (to ensure proper image quality). Patients were also excluded if the GA extended outside the central scanning area, which was a square centered on the fovea with dimensions of 6 3 6 mm.
All patients underwent a complete ophthalmologic examination, including best-corrected visual acuity (BCVA) using Early Treatment Diabetic Retinopathy Study (ETDRS) charts, slit-lamp biomicroscopy, tonometry, indirect fundus ophthalmoscopy, infrared reflectance (IR), FAF, spectral-domain OCT (SD-OCT), fluorescein angiography (FA), indocyanine green angiography (ICGA), and OCT-A scans of the macula. IR, FAF, SD-OCT, FA, and ICGA were performed using Spectralis (Heidelberg Engineering, Heidelberg, Germany). To achieve good visualization of the choroid, enhanced depth imaging (EDI) OCT was used in all acquisitions. All patients underwent all imaging acquisition on the same day.
Image Acquisition
Blue FAF was performed with confocal scanning laser ophthalmoscope (SLO) system using Spectralis (excitation: 488 nm; emission: 500-700 nm) in a field of view of 308 3 308 centered on the macula. The automatic real-time averaging mode (ART) was enabled to obtain averaged scans. For the study, the ART was set at 100 frames to obtain best quality of FAF.
En face structural OCT and OCT-A were performed with AngioPlex (Cirrus HD-OCT model 5000; Carl Zeiss Meditec, Dublin, CA, USA). We used a 6 3 6-mm scanning area centered on the macula, which is composed of 350 A-scans in each Bscan, repeated two times, along both the horizontal and the vertical direction. All acquisitions were performed using FastTrac retinal-tracking technology to reduce motion artifacts. Minimum strength of OCT-A images was 7 out of 10. Using the automatic segmentation of the device, we selected three different en face structural OCT images: the ellipsoid zone (EZ), the choroidal (CH) images, and the scleral (SC) images. The en face EZ image was obtained considering a segmentation reference of 21 lm in depth passing 45 lm above the RPE ( Fig.  1 , first image). The en face CH image was obtained considering a segmentation reference line passing from 29 lm below the RPE and the chorio-scleral interface ( Fig. 1 , second image). The en face SC image was obtained considering a segmentation reference line passing from 29 lm below the RPE and arbitrary 350 lm below the RPE ( Fig. 1 , third image). Image segmentation was manually adjusted by the senior author (GQ) if the automatic segmentation failed.
Considering OCT-A images, we used a slab of the whole choroid (CC, Sattler and Haller's layers), which was manually defined by the senior author (GQ) as the vertical distance between the hyperreflective line of the RPE (by selecting the ''RPE fit'' option on AngioPlex) and the chorio-scleral interface ( Fig. 1 , fourth image).
Image Analysis
For each eye, the GA area was measured by three independent readers. The three readers independently measured, at two different times, the area affected by GA on each image.
All FAF, en face EZ, en face CH, en face SC, and OCT-A images were exported into Image J 1.50 (National Institutes of Health, Bethesda, MD, USA) software. The atrophic area was manually outlined using the polygon selection tool in each image. In FAF, sharply demarcated areas of reduced autofluorescence were considered the atrophic area, which could be surrounded by a hyperautofluorescent outer border. In en face structural OCT, sharply demarcated areas of altered pigmentation of EZ and/or RPE that could be associated with improved visualization of the CH vasculature were defined as the atrophic area ( Fig. 1 , first through third images). In OCT-A, the areas of lack of CC with improved visualization of the CH vasculature were considered the atrophic area ( Fig. 1 , fourth image).
Total GA area was calculated for each image by summing all the areas of GA. Areas corresponding to drusen were not included. To measure the GA, pixel area was converted into square millimeters (mm 2 ) according to the scale of the image. After processing every atrophic area measure, screenshot and report were generated and recorded for analysis. When grading one image, each reader was blind to all other images from the same patient.
Secondarily, all GA were classified as in monofocal or multifocal atrophy, and as in foveal sparing or foveal involvement atrophy according to the presence or absence of a foveal involvement. To evaluate the presence of foveal sparing/involvement, the three readers independently evaluated the presence of foveal sparing in GA on FAF, en face EZ, en face CH, en face SC, and OCT-A.
Statistical Analysis
Statistical analyses were performed using SPSS Statistics Version 20 (IBM; Armonk, New York, NY, USA). Results of descriptive analyses are expressed as means 6 standard deviations for quantitative variables, and as counts and percentages for categorical variables. The Gaussian distribution of continuous variables was verified with the Kolmogorov-Smirnov test. Comparisons of mean area and mean differences of GA areas were performed using Student's independent samples t-test. Intraobserver and interobserver agreements, and the correlation between FAF, en face EZ, en face CH, en face SC, and OCT-A, were evaluated using the intraclass correlation coefficient (ICC; 95% confidence intervals [CI]). Furthermore, Bland-Altman plots were constructed to determine the limits of agreement. A range of 615% of FAF mean values was assumed as interval of clinical equivalence as reported in previous studies. 13 We accepted the equivalence assessment if the 95% agreement limits of the difference between the mean values of two different imaging techniques resulted completely within the equivalence interval. To quantify interobserver agreement concerning the foveal involvement or sparing, a Cohen's Kappa (j) coefficient was calculated. In all analyses, P values < 0.05 were considered statistically significant.
RESULTS
Forty-seven eyes of 26 patients (17 females, 9 males) met the inclusion criteria and were included for the analysis. The fellow eyes of 5 patients were not included in the analysis due to the presence of a neovascular AMD (three eyes) or improper image quality (two eyes). The mean age was 76 6 7 years (median, 76.5; range, 65-87), and the ethnicity was Caucasian for all patients. By means of FAF, the mean area of GA lesion was 8.77 6 5.00 mm 2 Table 1 ). Among the 47 eyes analyzed, a monofocal atrophic lesion was disclosed in 15 eyes, whereas the atrophic lesion was multifocal in the other 32 eyes (Fig. 2 ).
Intraobserver Agreement
Using FAF, intraobserver repeatability was excellent (ICC ¼ 0.998 [95% CI, 0.997-0.999]). On en face structural OCT, intraobserver repeatability was excellent at the level of the EZ, at the CH level, and at the SC level (ICC ¼ 0.998 [95% CI, 0.997-0.999], ICC ¼ 0.999 [95% CI, 0.998-0.999], and ICC ¼ 0.995 [95% CI, 0.992-0.997], respectively). Also by means of OCT-A, intraobserver was excellent (ICC ¼ 0.999 [95% CI, 0.998-0.999]). The construction of Bland-Altman plots confirmed the great intraobserver agreement for all imaging techniques ( Supplementary Fig. S1 ). No differences in intraobserver agreement were detected between multifocal and monofocal lesions (P > 0.05 in all analyses).
Interobserver Agreement
The interobserver reliability between readers 1, 2, and 3 was assessed in two different ways. First, ICC coefficients were calculated. The interobserver agreement for readers 1, 2 and 3 was excellent for all image acquisitions: ICC 0.997 (95% CI, 0.995-0.998) for FAF, ICC 0.986 (95% CI, 0.978-0.992) for en face EZ structural OCT, ICC 0.996 (95% CI, 0.994-0.998) for en face CH structural OCT, ICC 0.994 (95% CI, 0.990-0.996) for en face SC structural OCT, and ICC 0.996 (95% CI, 0.993-0.998) for en face OCT-A. The second measure of interobserver reliability involved the construction of Bland-Altman plots. All mean differences by readers, standard deviations, and agreement limits calculated to construct Bland-Altman plots are reported in Table 2 . As shown in Supplementary Figure S2 , interobserver reliability between each pair of readers was corroborated by Bland-Altman plots for all image acquisitions. Even though all imaging techniques showed a good agreement with a maximum mean difference of 0.114 mm 2 , en face EZ structural OCT revealed poor-quality agreement limits (see Supplementary Fig. S2 ). No differences in interobserver agreement were detected between multifocal and monofocal lesions (P > 0.05 in all analyses). The interobserver agreement considering the evaluation of foveal involvement was excellent between all graders for all the imaging techniques used (j > 0.8 with concordant pairs > 96% in all analyses; Table 3 ). 
Correlation Between FAF, En Face Structural OCT (EZ, CH, and SC), and OCT-A Images
As for interobserver reliability, the correlation between different imaging techniques was also evaluated in two ways. Fig. S3 ). Table 4 summarizes all mean differences by imaging techniques, standard deviations, and agreement limits calculated to construct Bland-Altman plots. Also this analysis confirmed good agreement between each imaging technique: The mean differences between measurements of GA area using different techniques were close to zero for each eye, with a maximum mean difference of 0.307 mm 2 between en face structural OCT at the level of EZ and en face structural OCT at the SC level. As shown in Table 4 and Supplementary Figure S3 , the lowest agreement limits were disclosed between FAF and en face EZ and between en face EZ and en face SC. No differences in agreement between FAF, en face structural OCT (EZ, CH, and SC), and OCT-A were detected between multifocal and monofocal lesions (P > 0.05 in all analyses) (Fig. 2) . Considering the evaluation of foveal involvement, the correlation between different imaging techniques was good/ excellent between all imaging techniques analyzed ( Table 5) . Lower agreements were disclosed between FAF and all other imaging techniques (en face structural OCT [EZ, CH, and SC] and en face OCT-A). In almost all discordant cases, the fovea seemed to be involved with FAF imaging while it seemed to be spared with other imaging techniques (Fig. 3 ).
DISCUSSION
In this study, we evaluated the reliability of OCT-A for detecting and quantifying GA secondary to d-AMD. Moreover, we compared measurements obtained by three readers using OCT-A, FAF, and en face OCT. Similar to previous studies evaluating CFP, FAF, structural OCT, and en face OCT, 11, 13, [15] [16] [17] [18] [19] our analysis revealed high intraobserver and interobserver agreement in the evaluation of GA for CH slab OCT-A, FAF and en face OCT at the EZ, CH, and SC level. Currently, interest in OCT-A imaging has increased because it is a fast, safe, noninvasive method able to provide higherquality images of the retinal and CH microvasculature compared with conventional dye angiography. 20 At OCT-A evaluation, GA eyes showed loss 21 or rarefaction 14 of CC in correspondence with RPE atrophy (Figs. 1-3 ). In these areas of CC impairment, large CH vessels may be displaced and may be seen on the en face OCT-A image at the depth level where CC is ordinarily seen. 14 However, to the best of our knowledge, no published study has investigated the ability of OCT-A to measure GA. In the present study, we found high intragrader and intergrader agreement for GA area measured by OCT-A, which is equivalent to FAF and en face structural OCT at the CH and SC levels (Tables 1, 2 ; Supplementary Figs. S1, S2). One explanation of the excellent agreement found for en face OCT at the CH and SC could be their ability to increase contrast between atrophic and healthy retina. Even though en face EZ structural OCT was excellent in measuring GA, we recorded the poorest-quality interobserver agreement limits ( Table 2 ; Supplementary Fig. S2 ). The inferior intergrader agreement could be explained, at least in part, by the major difficulty in segmenting and interpreting images of en face OCT at the EZ level, probably due to the very low EZ thickness.
Regarding GA measurements by OCT-A compared with FAF and en face structural OCT, the greatest correlation was found between FAF, en face OCT at the CH and SC levels, and OCT-A (Table 3 ; Supplementary Fig. S3 ). This seems in disagreement with the results reported by Pilotto et al. 13 They found a good correlation between en face structural OCT images at the OR level, both on blue FAF and on near-infrared FAF, but inconsistent correlation between FAF images and en face OCT at the CH level. However, a comparison between the two studies is not possible because different slab segmentations were investigated, with two different devices. In our study all the imaging techniques compared with OCT-A were equivalent (the difference between the GA areas measured by two different imaging techniques resulted completely within the interval of clinical equivalence) except for en face OCT at the EZ. In fact, en face OCT at the EZ level was the method not only with the lowest intergrader agreement but also with minor correlation with other techniques.
Recently, our group demonstrated a CC rarefaction in areas bordering GA using OCT-A 22 (Querques G, personal commu-nications, Fifth Annual International Retinal Imaging Symposium (IRIS), Los Angeles, CA, USA, March 25, 2017); however, such rarefaction (not a complete absence of CC) and higher visibility of CH vessels seem not to affect the sharp visualization and delimitation of GA on OCT-A, as we did not find differences in GA areas between FAF and OCT-A CH slab. Moreover, as noted with previous studies, 16, 23 FAF could potentially overestimate GA area as compared to other imaging modalities when atrophic patches are continuous with the fovea. The reason could be the inclusion of normal fovea due to the decreased foveal autofluorescence caused by increased quantity of pigments. Thus, as shown in our analysis, in these cases the fovea seemed to be involved with GA on FAF, while OCT-A and en face OCT were superior for demonstrating foveal sparing ( Table 5 ; Fig. 3 ).
Of note, in our study the mean difference in GA area measured by two different techniques was always under 0.50 mm 2 (Table 3) , a value substantially lower than the atrophic lesion growth rate between 1.3 and 2.8 mm 2 per year reported in different natural history studies. 2, 5, 6 Interestingly, multifocal lesions were not a cause of lower intraobserver/interobserver agreement or of lower agreement between two different imaging techniques (Fig. 2) .
Overall, based on our findings, OCT-A could be considered a reliable method to detect and quantify GA and to evaluate foveal involvement. One can argue that often OCT-A images are deteriorated with artifacts and segmentation errors in patients affected by GA. However, in our study, eye-tracker was enabled in all acquisitions to reduce motion artifacts. Regarding the segmentation errors, we used a slab manually defined by a senior author (GQ) including the whole choroid ( Figs. 1-3 ). This manual segmentation resolved most segmentation errors provided by the automatic segmentation of OCT-A software and highlights the areas where the CC is absent (showing only the presence of large CH vessels). However, sometimes OCT-A software completely failed in segmentation of the retinal and CH layers, leading to low-quality OCT-A images; in this condition, segmentation errors could be resolved only by a total manual time-consuming process, currently available only for some commercial OCT-A software. By excluding these cases and improving OCT-A software, we predict that OCT-A would be a practical, fast, and reliable tool to evaluate GA in clinical practice. Benefits of using OCT-A compared with other imaging approaches for GA include the convenience of using only one type of imaging technique for showing en face flow images and structural OCT data, better definition of foveal impairment compared to blue FAF, and the potential ability to exclude presence of CNV without performing FA, particularly treatment-naïve quiescent type 1 CNV. [24] [25] [26] In addition, OCT-A is not affected by some limits and disadvantages of traditional techniques. For example, even if FAF, noninvasively mapping lipofuscin distribution in RPE, represents an indirect means of detecting, quantifying, and monitoring GA, it appears to be annoying and even painful for patients and dangerous for RPE and photoreceptors, maybe due to the potential deleterious effects related to photopigment consumption. 27 Moreover, cataract can affect FAF image quality more than CFP because the excitation wavelength is in the blue range of visible spectrum. 16 Limitations of this study are related to the relatively small sample size and the large number of eyes excluded. The main reasons are poor FAF image quality resulting from cataract and the use of only lesions in which the area of GA was wholly contained within the raster scan area measuring 6 3 6 mm; however, fast and ongoing developments in OCT-A technology could allow for larger fields of view with higher resolution. Moreover, we cannot exclude influence by artifacts related to comparison between images obtained with different cameras.
In conclusion, thanks to the ability to image CC structure and flow impairments, OCT-A could be considered a reliable and appropriate technique for easily visualizing and quantifying GA and detecting foveal involvement. Although FAF imaging is currently considered the gold standard to identify GA and to evaluate treatment responses in ongoing clinical trials, we propose that, in the future, both in clinical settings and in clinical trials, OCT-A should be considered a useful tool for quantifying GA and monitoring the effect of therapies targeting GA progression.
